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The mTOR pathway orchestrates diverse physiological processes, including T cell functions and fate decisions; however, the regulation of mTOR-dependent T cell differentiation remains elusive. In this issue, Park et al. examine the role of TSC1, an mTOR signaling regulator, in T cell differentiation and the balance between T cell-mediated immunity and tolerance. They found that enhanced mTOR activity in Tsc1-deficient T cells promotes Th1 and Th17 differentiation, leading to increased intestinal inflammation in murine colitis. Tsc1-deficient Tregs had impaired suppressive activity in inflammatory conditions. These defects were associated with the acquisition of effector-like phenotypes and could be further exacerbated by concomitant loss of transcription factor Foxo3. This study highlights that TSC1-mediated control of mTOR activity impinges on the balance between immunity and tolerance by dictating effector and regulatory T cell responses.
Introduction mTOR is an evolutionarily conserved serine/threonine kinase that couples diverse cellular and environmental cues to cell growth, proliferation, and differentiation. In mammalian cells, mTOR interacts with multiple proteins and forms two distinct complexes, mTOR complex 1 (mTORC1) and mTORC2, which exhibit distinct roles in many physiological processes (1). The scaffold proteins Raptor and Rictor are characterized as obligatory components of mTORC1 and mTORC2, respectively ( Figure 1 ). mTORC1 activity is tightly controlled by multiple regulators. The upstream TSC complex, composed of tuberous sclerosis complex 1 (TSC1) and TSC2, inhibits mTORC1 activity by suppressing the function of Rheb (Ras homolog enriched in brain). Mutations of TSC1 or TSC2 are associated with hamartoma syndrome with tissue overgrowth. Furthermore, mTOR dysfunction contributes to a large number of human diseases, including cancer, obesity, type 2 diabetes, and neurodegeneration (1).
In the immune system, T cells play a pivotal role in adaptive immunity. Emerging evidence reveals that mTOR signaling impinges on multiple physiological processes of T cells, including their development, homeostasis, proliferation, and differentiation (2). Disruption of mTORC2 by ablation of Rictor impairs Notch-mediated proliferation and differentiation of pre-T cells in thymus (3, 4) and delays malignant transformation in a murine model of T cell acute lymphoblastic leukemia (T-ALL) (3). In the peripheral immune compartment, mTOR-deficient CD4 + T cells are unable to differentiate into effector cells, including Th1, Th2, and Th17 cells, and instead preferentially develop into induced Tregs (5). Furthermore, Rheb/mTORC1 and mTORC2 are selectively involved in the lineage differentiation of effector T cells (6, 7) . Aside from these recent advances in our understanding of the core machinery of mTOR signaling, we are also starting to appreciate the T cell-modifying effects of dysregulated mTOR activity via the genetic modulation of mTOR upstream regulators (2) . Under steady state, TSC1 deficiency and the ensuing mTORC1 activation disrupt the quiescence of naive T cells, leading to defective cell survival and antibacterial immune responses (8) (9) (10) . Thus, keeping mTORC1 in check is essential for the maintenance of T cell homeostasis; however, the function of TSC1 specifically ablated in Foxp3 + Treg cells (Foxp3 YFPCre Tsc1 f/f ). Tregs from these mice showed impaired suppression of colitis development, similar to that observed in mice with T cell-specific TSC1 deficiency. These findings indicate that TSC1 is required for maintaining Foxp3 expression and mediating Treg suppression in an inflammatory environment.
What is the underlying mechanism? Under lymphopenic and/or inflammatory conditions, especially in the intestine, Tregs may become unstable, as indicated by loss of Foxp3 expression, and/or aberrantly acquire effector functions, thereby contributing to uncontrolled inflammation (13). Park et al. therefore examined the effect of TSC1 on Treg stability (11). They generated a reporter strain by crossing Foxp3 YFPCre Tsc1 f/f mice with a mouse strain that expresses RFP as a reporter of Cre activity. In this fate-mapping system, unstable Tregs known as "ex-Tregs" are detected as a unique RFP + YFPCre -population (i.e., these cells have expressed Foxp3 but are no longer actively expressing Foxp3). Loss of TSC1 expanded the ex-Treg population. More remarkably, this population exhibited a noticeable reduction of Foxp3 expression and acquired the ability to produce IL-17A. These data indicate that TSC1-dependent enforcement of the suppressive activity of Tregs is contingent on the capacity of TSC1 to maintain IFN-γ and IL-17A upon direct ex vivo stimulation, suggesting a specific role for TSC1 in restraining Th1 and Th17 differentiation in inflammatory environments, such as in the intestine or upon immune stimulation (Figure 2) .
Maintenance of Treg function and identity
Intestinal homeostasis arises from a highly dynamic balance between effector T cell responses and regulatory mechanisms, in which Foxp3-expressing Tregs play a central role (12) . Park et al. asked whether exacerbated inflammation in the absence of TSC1 was also due to defects in the Treg compartment, specifically Foxp3 expression and in vivo suppressive activity (11) . They observed that Tregs were reduced in the spleens and colonic lamina propria (cLP) of TSC1-deficient mice after DSS exposure. TSC1 deficiency did not impact TGF-β-mediated generation of induced Tregs in vitro or the homeostasis of thymus-derived Tregs in peripheral lymphoid organs (8) . Although previous studies have established a negative role of mTOR signaling in Treg differentiation (2, 5) , TSC1 deficiency appears to impact the Treg population only under inflammatory conditions. The authors also assessed the suppressive function of TSC1-deficient Tregs in a T cell-mediated colitis model by transferring conventional T cells along with WT or mutant Tregs into Rag1 -/-mice. While the transfer of WT Tregs prevented conventional T cell-mediated intestinal inflammation, the transfer of TSC1-deficient Tregs did not. To specifically examine the intrinsic role of TSC1 in Tregs, the authors developed a mouse line with TSC1 in CD4 + T cell fate decisions and inflammatory responses remains largely unexplored.
Control of Th1 and Th17 differentiation and intestinal inflammation
Effector T cells are crucial for protective immunity against pathogens in the mucosal environment, but their excessive activity may drive inflammation. Park et al. observed that aged mice (over 20 weeks old) with T cell-specific ablation of TSC1 developed spontaneous inflammation and lymphocyte infiltration in the colon and liver (11) , suggesting that TSC1 deficiency enhances T cell responses to intestinal antigens. To explore this possibility, the authors used a murine model, in which chronic colitis was induced by exposure to 2% dextran sodium sulfate (DSS) in the drinking water for 7 days, followed by administration of regular water. In this model, TSC1-deficient mice exhibited more severe weight loss and a slower recovery after DSS removal compared with WT mice. Keeping with the well-recognized pathogenic roles of Th1 and Th17 cells in intestinal inflammation, TSC1-deficient T cells produced excessive amounts of IFN-γ and IL-17A. The effect of TSC1 deficiency in promoting Th1 and Th17 differentiation was recapitulated under Th1-or Th17-polarizing conditions in vitro. Furthermore, TSC1-deficient T cells showed enhanced IFN-γ and IL-17A production upon antigen immunization in vivo. These findings collectively demonstrate that TSC1 deficiency aberrantly promotes the differentiation of T cells into Th1 and Th17 subsets. Interestingly, TSC1-deficient T cells produced normal levels of
Figure 1
Schematics of mTOR signaling. mTORC1 and mTORC2 signal through distinct downstream effector pathways to orchestrate diverse cellular processes.
Figure 2
Roles of TSC1/2 in Th17 and Treg responses. TSC1 functions within the TSC1/TSC2 complex to repress Rheb-dependent mTORC1 and downstream S6K1 activation. TSC1 also promotes mTORC2/AKT activity to inactivate Foxo3a. TSC1-mediated downstream pathways S6K1 and Foxo3a in turn regulate Th17 and Treg responses. enhanced mTORC1 activity in TSC1-deficient Tregs also impairs their suppressive activity, suggesting that proper control of mTORC1 activity is essential for Tregs to function (11) . Whether and how the metabolic programs mediate TSC1 function in Tregs remain to be determined.
The development of potent mTOR inhibitors has been considered an effective therapeutic strategy to treat cancer and other diseases. For example, Torin1 and PP242 are ATP-competitive inhibitors of mTOR that strongly suppress mTOR activity (24) . However, given the importance of mTORC1 signaling in the function of T cells and other cells, completely blocking mTOR activity will impair normal immune responses to foreign pathogens. Instead, fine-tuning mTOR activity by targeting context-specific regulators of mTOR signaling, such as TSC1, offers an attractive strategy to treat autoimmune and inflammatory diseases and restore immune tolerance in the long run. ment, highlighting a predominant effect of enhanced mTORC1 activation on the impairment of Treg function and stability (Figure 2 ).
Perspective
The intestinal immune system continuously faces innocuous antigens derived from commensal microbiota and diet. Treg cells mediate immune tolerance toward these antigens, preventing effector T cell activation and undesired intestinal inflammation. TSC1 deficiency in T cells leads to enhanced Th1 and Th17 responses, but impaired Treg function and stability under inflammatory conditions such as intestinal inflammation. In contrast, TSC1 function is not required to mediate the balance between effector and regulatory T cell responses under homeostatic conditions. These results suggest the presence of specific signals during inflammation, especially in the intestine, that sustain TSC1 function in T cells, thereby preventing aberrant mTORC1 activation and dysregulated effector and regulatory T cell responses. Antiinflammatory substances such as TGF-β and retinoic acid (RA) are important in orchestrating the induction of tolerance in the intestine (12) . More recently, short-chain fatty acids, a class of microbial metabolites, have been shown to establish colonic homeostasis via the regulation of Treg generation and function (19) . It will be interesting to test whether these tolerogenic substances signal through TSC1 to mediate intestinal homeostasis.
Although mTOR signaling is well recognized as an orchestrator of cell metabolism (20) , the metabolic function of mTOR in T cells is just beginning to be dissected. Upon antigen stimulation, T cells transit from catabolism to anabolism, with a marked increase in the bioenergetic and biosynthetic demands over the quiescent state. This metabolic reprogramming is considered a crucial checkpoint for T cell activation and fate decision. mTOR activation is closely associated with the dynamic regulation of T cell metabolism, but how mTOR signaling intersects with metabolic programs in T cell responses is poorly understood (21, 22 Signaling mechanisms in T cell fate decisions Park et al. explored downstream signaling events in TSC1-deficient T cells to determine TSC1-mediated molecular mechanisms in T cell fate decisions (11) . Consistent with previous reports (8-10), TSC1 deficiency promoted mTORC1 activity, as indicated by increased S6K1 phosphorylation and the expression of GRB10, a recently identified mTORC1 target that mediates feedback inhibition of insulin signaling (14, 15) . The authors then targeted S6K1 and GRB10 to dissect their contributions in Th17 differentiation. Reduction of Grb10 with shRNA had little effect; however, shRNA-dependent knockdown of Rps6kb1 markedly suppressed Th17 differentiation for both WT and TSC1-deficient naive T cells. Rps6kb1 knockdown also prevented increased IL-17A production in TSC1-deficient Tregs. Together, these results demonstrate that S6K1 mediates the effects of TSC1 deficiency and mTORC1 hyperactivation on the promotion of IL-17A production in both conventional CD4 + T cells and Tregs.
Aside from increased mTORC1 activity, TSC1 deficiency attenuated the activation of mTORC2-and AKT-mediated phosphorylation of Foxo1/Foxo3a (8) . Attenuated Foxo1/Foxo3a phosphorylation leads to increased stability and function of Foxo1/Foxo3a. However, the importance of this effect remains undefined, since the elimination of Rictor/mTORC2 activity has little effect on naive T cell homeostasis compared with deletion of Tsc1. Foxo family proteins are essential in Treg development and function (16) (17) (18) ; therefore, Park et al. generated mice lacking both TSC1 and Foxo3 in the Treg compartment (11) . Most of the Treg phenotypes in these double-knockout mice were similar to those observed after Tsc1 deletion; however, Foxo3 deficiency further impaired the stability of TSC1-deficient Tregs. Furthermore, these Tregs exhibited accelerated conversion into Th17-like effector T cells. Thus, the diminished mTORC2 activity in TSC1-deficient Tregs modestly ameliorated the disrupted stability of these cells. Nonetheless, increased IL-17A production in Tregs from both TSC1-deficient and Tsc1/Foxo3a double-knockout mice was blocked by rapamycin treat-
